dase relative to the parental cells. To combat increases in oxidative stress caused by A␤, it is necessary for the cell to produce increased amounts of molecules having a high transfer potential such as reduced nicotinamide adenine dinucleotide phosphate (NADPH) and nicotin- 
Figure 1. Glycolysis Is Upregulated in A␤-Resistant Cells
(A) Hexokinase activity. Enzyme activity was measured in cell lysates and is expressed as percent control. Basal hexokinase activity for B12 was 91 Ϯ 6 nmol/min/mg and PC12 71 Ϯ 5. (B) GAPDH activity and protein expression. GAPDH activity was measured in cell lysates and is expressed as percent control. Enzyme protein and actin in the lysates were determined by Western blotting, and the ratio of enzyme protein to actin is presented in the right panel. The parental line enzyme to actin ratio is set at 100%. There was no change in PC12 enzyme protein, but there was a significant increase in B12 enzyme protein in the two resistant lines. The basal GAPDH activity in PC12 was 135 Ϯ 9 and B12 172 Ϯ 11. to pyruvate, is, in conjunction with the citric acid cycle, clones relative to their parental cells. The amount of enzyme protein is also increased in the B12-resistant the primary source of reduced NADH. To determine if this pathway is upregulated in A␤-resistant cells, we cells. Finally, we observed a significant increase in pyruvate kinase activity in both of the B12-resistant cell analyzed two sets of cells for the expression and activity of several key glycolytic enzymes as well as for the rate lines but no change in this enzyme in the A␤-resistant PC12 cells ( Figure 1C ). There is a decrease in PC12 of glucose utilization. Three glycolytic enzymes were studied in wild-type and two A␤-resistant clones of both pyruvate kinase protein, while there is an increase in B12 pyruvate kinase protein. The observation that the PC12 and B12. Hexokinase, the irreversible first enzyme in the glycolytic pathway, phosphorylates glucose to activities of all three enzymes are not increased in each resistant cell line is consistent with the fact that individglucose-6-phosphate (G6P). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) phosphorylates glycerual glycolytic enzymes may initially be in excess in some cells (Esmann, 1978) . While these data suggest that glyaldehyde-3-phosphate and generates NADH, while pyruvate kinase, a major regulatory enzyme in the pathway, colysis may be upregulated in the A␤-resistant cells, the critical factor is the rate of glucose metabolism. We dephosphorylates phosphoenolpyruvate to generate ATP and pyruvate. Pyruvate is, in turn, the entry point performed two assays to measure this parameter. The first measures the breakdown of Figure 1D shows that NADH during glycolysis, the oxidation of G6P to CO 2 the rate of glucose metabolism as measured by this and ribose-5-phosphate produces NADPH via the HMS. assay is significantly elevated in all of the A␤-resistant Since NADPH is a cofactor required for the maintenance cells. Another assay for glucose metabolism through of GSH and other antioxidant activities during conditions the glycolytic pathway to the citric acid cycle is the of stress, we asked if the HMS is activated in the measurement of 14 C-6-glucose to 14 CO 2 produced at the A␤-resistant cells and in AD brain. Two assays were ␣-ketoglutarate dehydrogenase complex. Table 1 shows used to examine this possibility. Glucose-6-phosphate that the flux of 14 C-6-glucose to 14 CO 2 is increased 2-to dehydrogenase (G6PDH) is the first and rate-limiting 3-fold in the four A␤-resistant cell lines. Therefore, both enzyme in the shunt, and its activity is regulated by the overall rate of glycolysis as well as the activity of oxidative stress (Salvemini et al., 1999 the very high basal level of HMS activity in the parental Therefore, if the results with the A␤-resistant cell lines B12 cells. In both cell models, the HMS is more active are related to the A␤ response in AD brain, then it would than the glycolytic pathways. These changes are rebe expected that glycolytic enzymes would also be eleflected in an increase in the NADPH levels in the vated in this tissue and in transgenic mice with AD pa-A␤-resistant PC12 cell lines as compared to the parental thology. Figure 2 shows that this is indeed the case.
line and a high initial amount of NADPH in the B12 paren-GAPDH enzymatic activity is significantly elevated in tal cell line (Table 1) (Table 1) . When similar experiments were transgenic mice have a large increase in G6PDH activity (17.9 Ϯ 8.0 nmol/min/mg, n ϭ 6 versus 6.0 Ϯ 1.8 nmol/ done with the parental B12 and PC12 cell lines, A␤ stimulated the shunt activity in PC12 cells, but not significantly min/mg, n ϭ 6, for controls, p Ͻ 0.01). In addition, there are slight increases in hexokinase and pyruvate kinase, in B12 cells, while glycolysis was weakly activated in both. The increased glycolytic activity following A␤ exbut no change in GAPDH (Table 2) Tables 1 and 2 show that primary et al., 1999), it is possible that the short-term exposure of cells to the prooxidant A␤ will also enhance this pathrat cortical astrocytes exposed to A␤ identically to the cortical neurons have a small but significant increase in way. To examine this possibility, the parental B12 and PC12 cell lines as well as primary rat cortical neurons HMS activities, but that there is a decrease in glycolysis ( Table 2 ). The glial cells are, however, initially several parental and A␤-resistant B12 and PC12 cells were exposed to normal growth medium containing decreased fold more active in terms of overall glucose metabolism than their neuronal counterparts. An additional parameamounts of glucose, and cell viability was measured 2 days later. Figures 4A and 4B show that the A␤-resistant ter relevant to glucose metabolism is the relative rate of glucose uptake. When the rate of 3 H-deoxyglucose cells die more readily at higher concentrations of glucose than their parental cell lines. In support of the uptake is examined, there are significant increases in B12 and PC12 A␤-resistant clones ( Figures 3A and 3B) argument that higher metabolic rates lead to greater sensitivity to glucose starvation, B12 cells, which have and in cortical neurons exposed to amyloid (Table 2 ). In contrast, there is a decrease in glial cell deoxyglucose a higher metabolic rate than PC12 (Tables 1 and 2 ), die at a 2-fold higher concentration of glucose than PC12 uptake following a 4 day exposure to 2 M A␤ 1-42 (Table  2) shows that A␤-resistant cells were, in contrast to gluThe nervous system has an extremely high rate of energy cose starvation, more resistant to thapsigargin than the consumption and glucose is its primary source of enparental lines. To determine if A␤-enhanced glucose ergy. It follows that any additional increase in energy sensitivity could be reproduced in cortical neurons, we burden could lead to a concomitant increase in sensitivity to lower glucose levels. To examine this possibility, exposed primary cultures of rat cortical neurons for 4 ). These data may explain earlier observations transport system, phosphorylated by hexokinase, but cannot be further metabolized, thereby effectively shutthat antipsychotic drugs can cause hyperglycemia and diabetes in psychiatric patients (Thonnard-Neumann, ting down glycolysis and the HMS. If a higher rate of glycolysis is responsible for cell death following glucose 1968). Since A␤ resistance makes nerve cells more sensitive to glucose starvation, it would be predicted that deprivation, then it would be predicted that the exposure of cells to increasing concentrations of deoxyglucose the resistant cell lines would also be more sensitive to these antipsychotic drugs. Figure 5M shows that this is would kill A␤-resistant cells more readily than the parental group. Figures 4D and 4E show that when B12 and indeed the case, for a concentration of clozapine or fluphenazine that kills only 20% of the parental PC12 PC12 cells are grown in normal culture medium and exposed to 0.1-100 mM deoxyglucose, the resistant cells kills over 70% of the A␤-resistant PC12 cells. Fluphenazine was also more toxic to B12 A␤-resistant cells cells are more sensitive to deoxyglucose than the parental cell lines. Similar results were obtained with primary than the parental cells, while the major metabolite of clozapine, clozapine-N-oxide, which is inactive in cortical neurons; the data for 50 M deoxyglucose are shown in Figures 5D and 5I . These results reveal that blocking glucose uptake, is nontoxic. When we repeated The HMS is more active in A␤-resistant cells and in cells exposed to low levels of A␤ (Table 1) . To determine compared to a clone transfected with the empty vector ( Figure 7A, insert) . When tested for the ability to resist if HIF-1 is sufficient to induce this pathway, HIF-1 was activated by the expression of the nondegradable HIF-A␤ toxicity, the mutant HIF-1␣ expressing cell lines demonstrated a higher tolerance to A␤ ( Figure 7A ). This result 1␣ and the activity of the shunt monitored. Figure 7C shows that constitutive HIF-1␣ activated G6PDH enshows that HIF-1 alone is able to rescue cells from A␤ zyme activity and HMS activity as determined by moni- Figure 7D shows that clones of cells were attributed to metal chelators binding to prooxidant expressing the nondegradable HIF-1␣ were killed more metal ions, our data strongly suggest that an important readily than cells containing the plasmid alone. These part of their success is due to their ability to induce data show that while HIF-1 expression is protective for HIF-1. In contrast to nerve cells, glycolysis is downregu-A␤ toxicity, its activity also leads to increased sensitivity lated by A␤ in glial cells (HMS activity is, however, upregto glucose starvation. ulated), even though HIF-1 is activated by A␤ in these cells (data not shown).
Discussion
The activation of HIF-1 has been associated with both death and antideath pathways ( 
